A model is proposed for the calculation of the volume fraction of martensite formed during the transformation of banded austenite in a hot-rolled AISI 430 stainless steel. The proposed model includes the strain resulting from the difference in coefficient of thermal expansion of austenite and ferrite and the effect of alloying elements on the lattice parameters. Dilatometry is commonly used to investigate microstructural changes in Fe-based alloys. The dilation data provide essential information about the solid-state phase transformations during heat treatments and allow for the control and minimization of distortions in heat treated parts. Based on the calculations of the unit cell structures and the lattice parameters of the relevant phases, several models have been developed to convert the measured transformation strain to the volume fraction of phases transformed during austenite formation or austenite decomposition. These models provide better predictions of the volume fraction of transformed phases compared to those obtained by means of the lever rule. Most of the available models focus on the austenite decomposition during cooling. [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] 17, 20, 21] These models have been applied to the decomposition of austenite during cooling from a high austenitizing temperature where austenite was the only stable phase.
A model is proposed for the calculation of the volume fraction of martensite formed during the transformation of banded austenite in a hot-rolled AISI 430 stainless steel. The proposed model includes the strain resulting from the difference in coefficient of thermal expansion of austenite and ferrite and the effect of alloying elements on the lattice parameters. Dilatometry is commonly used to investigate microstructural changes in Fe-based alloys. The dilation data provide essential information about the solid-state phase transformations during heat treatments and allow for the control and minimization of distortions in heat treated parts. Based on the calculations of the unit cell structures and the lattice parameters of the relevant phases, several models have been developed to convert the measured transformation strain to the volume fraction of phases transformed during austenite formation or austenite decomposition. These models provide better predictions of the volume fraction of transformed phases compared to those obtained by means of the lever rule. Most of the available models focus on the austenite decomposition during cooling. [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] 17, 20, 21] These models have been applied to the decomposition of austenite during cooling from a high austenitizing temperature where austenite was the only stable phase.
Recently, Mola et al. [22] analyzed the dilation curve of a hot-rolled stainless steel containing 16 mass pct Cr with a banded microstructure. The coefficient of thermal expansion (CTE) and the strain associated with the formation of martensite clearly indicated a pronounced anisotropic behavior because of the presence of a banded microstructure composed of austenite and ferrite after annealing at different intercritical temperatures. The previous studies about the dilation anisotropy in steels with a banded microstructure focused on the decomposition of the austenite phase cooled from high austenitizing temperature. [14, 15, 23, 24] While the CTE remains constant during cooling from the single austenite stability range, stress partitioning due to differences in CTE takes place when austenite coexists with ferrite during cooling from an intercritical annealing temperature. [22] This makes it impossible to apply existing models to steel with multiple initial phases. The analysis of dilatometry data is further complicated when the martensite transformation leads to an additional strain. In the present study, a new conversion model was therefore developed to convert the transformation strain to the volume fraction of martensite formed from austenite in a dual-phase microstructure composed of a ferrite matrix and a banded austenite phase.
The chemical composition of the hot-rolled stainless steel used in the present study was 16.13 pct Cr, 0.04 pct C, 0.036 pct N, 0.39 pct Mn, 0.13 pct Ni, 0.29 pct Si, and 0.01 pct Ti in mass pct. This is in the typical composition range for AISI 430 grade stainless steel. The initial microstructure consisted of banded martensite in a ferrite matrix as shown in Figure 1 . The dilatometry specimens taken from the hot-rolled material parallel to normal direction (ND) and rolling direction (RD) were heated to 1273 K (1000°C) at a heating rate of 10 K s À1 , held for 2 minutes, and then cooled at a cooling rate of 20 K s À1 to room temperature. The measured volume fraction of austenite at the annealing temperature of 1273 K (1000°C) was approximately 0.38. A detailed microstructural analysis of hot-rolled AISI 430 type stainless steel can be found in Reference 22. Figure 2 shows the measured dilatometry curves for the RD and ND oriented specimens. The differences in the curves are a clear indication of a pronounced anisotropy. The isotropic dilatometry curve in Figure 2 was obtained by means of the following relationship. [22] e iso ¼ 1 3
where e iso is the isotropic strain obtained from e RD and e ND , the anisotropic strains measured in the RD and ND, respectively. Suh et al. [14, 15] proposed a model to analyze the dilatometric anisotropy during the decomposition of a fully austenitic microstructure with a banded morphology. The strain difference between the isotropic dilation curve and the dilatometry trace in the RD or ND at the transformation finish temperature should be known to distinguish the microstructural contribution related to the banded microstructure and the geometric contribution due to the anisotropy. The isotropic dilation curve in their study was calculated on the basis of the difference of the unit cell volume between austenite and the product phase. Even though the effect of the anisotropy due to the microstructural banding and the geometric effect can be compensated in the isotropic dilation curve obtained by Eq. [1] , the difference of the CTE values of austenite and ferrite during cooling should also be taken into account as it results in an additional plastic strain during the martensite transformation in this study.
The CTE of ferrite is smaller than that of austenite. This brings about an accumulation of residual tensile stresses in the austenite as the specimen cools down. Even though the internally induced stress is smaller than the yield stress of austenite, an additional plastic strain appears during the austenite decomposition. This effect is also known as transformation-induced plasticity (TRIP). [25] The microstructure of the dilatometry specimen at the annealing temperature of 1273 K (1000°C), i.e., before cooling, consists of ferrite and austenite transformed during the annealing. The austenite transforms to martensite below the martensite start (M s ) temperature. The ferrite volume fraction is not changed during cooling. The change of the unit cell structure from face-centered cubic (fcc) austenite to body-centered tetragonal (bct) martensite brings about the volume change of the dilatometry specimen. The volume change due to the partial transformation of austenite to martensite can be expressed by means of a phase transformation strain (De   ph   ) given by the following equation:
where v A is the atomic volume of Fe in the austenite at the annealing temperature before cooling, v M is the atomic volume of Fe in martensite, and v A 0 is the atomic volume of Fe in the untransformed austenite. l 0 and Dl are the sample length at a reference point, e.g., the initial annealing temperature, and the change of sample length due to the martensite transformation, respectively. The untransformed austenite will be fully consumed when the martensite transformation is completed. The volume fraction of ferrite (v F ) does not change during cooling.
The transformation strain resulting from the transformation of austenite embedded in the non-transforming ferrite matrix during cooling from the annealing temperature to room temperature can be calculated by means of the following equation:
where a A is the lattice parameter of austenite, a F is the lattice parameter of ferrite, a M is the a-axis lattice parameter of martensite, c M is the c-axis lattice parameter of martensite. a A 3 , a F 3 , and a M 2 c M are the unit cell volume of austenite, ferrite, and martensite, respectively. V A i is the initial volume fraction of austenite, V M is the volume fraction of martensite, and V A is the volume fraction of untransformed austenite. Note that V A i = V M + V A , and that the initial volume fraction of ferrite, V F i , is constant. The volumetric change in the above equation is based on the atomic volume for a single Fe atom. Thus, the unit cell volume should be divided by the number of Fe atoms in the unit cell. The unit cell of austenite has four Fe atoms, and the unit cells of ferrite and martensite each have two Fe atoms. The theoretical transformation strain change related to the change of volume fraction of each phase calculated by means of Eq. [3] can be compared to the transformation strain change during cooling measured by dilatometry. The calculation procedure to convert the transformation strain to the volume fraction of martensite during cooling is described in detail in Reference 20.
The temperature-dependent effects of alloying on the lattice parameters of austenite, ferrite, and martensite are given by the following equations:
where a A,Fe is the lattice parameter of austenite for Fe at room temperature, 0.35729 nm; a F,Fe is the lattice parameter of ferrite for Fe at room temperature, 0.28664 nm; a M,Fe is the lattice parameter of C-free martensite room temperature, 0.28664 nm; k i A is the coefficient for the effect of alloying element i on the austenite lattice parameter. [10] k i F is the coefficient for the effect of alloying element i on the ferrite lattice parameter, k i M is the coefficient for the effect of alloying element i on the martensite lattice parameter. k C1 M and k C2 M are the coefficients for the effects of C on the a-axis and c-axis lattice parameter of martensite, respectively. k N1 M and k N2 M are the coefficients for the effects of N on the a-axis and c-axis lattice parameter of martensite, respectively. X i is the atomic percent of the alloying element i. a A is the thermal expansion coefficient of austenite, a F is the thermal expansion coefficient of ferrite, a M is the isotropic thermal expansion coefficient of martensite, and T is the temperature in Kelvin.
The values of the coefficients for the effects of alloying elements on the lattice parameter are listed in Tables I, II,  III. [ 18, 20, 26] The importance of the alloying elements for converting the transformation strain to the volume fraction has been reported for the formation and decomposition of austenite in alloyed steel and stainless steel. [18] [19] [20] The CTEs of austenite, ferrite, and martensite in the RD and ND are listed in Table IV . The CTEs of ferrite and martensite were obtained from the derivative of the dilation curve in the two phase ferrite-martensite range below the martensite finish temperature by considering the C content dependence of the CTE of martensite. [13] a
Similarly, the CTE of austenite was determined from the derivative of the dilation curve in the two phase austenite-ferrite region above the M s temperature by using the following equation.
Greenwood and Johnson [25] have proposed a physical model for the TRIP phenomenon occurring during the low-temperature transformation of austenite to martensite. They indicate that the TRIP strain is linearly proportional to the volume fraction of martensite and the internal stress applied to the austenite phase. The approach proposed by Greenwood and Johnson has been confirmed for various types of steel. [25, [27] [28] [29] [30] [31] [32] [33] [34] [35] [36] [37] [38] An empirical equation for the TRIP strain (e tr ) generated by athermal martensitic transformation has been proposed previously. [28, 29, 33, [35] [36] [37] [38] In the present study, the smaller CTE of the nontransforming ferrite results in an internal tensile stress on the untransformed austenite during cooling. The tensile thermal elastic stress for austenite in the two-phase, ferrite-austenite Fe-Cr-Ni alloys was experimentally observed by means of neutron and X-ray diffraction. [39] This internal stress in austenite causes an additional TRIP effect strain because of the stress-induced transformation of austenite. Note that the internal stress is lower than the austenite yield stress. The positive transformation strain associated with the formation of martensite inside the austenite islands reduces the residual tensile stress in the untransformed austenite as the transformation to [18, 20, 26] [18, 20, 26] martensite progresses. When the martensite transformation is completed, a stress-free condition is achieved, i.e., the tensile stress applied to austenite decreases gradually with the progress of the transformation. It is also assumed that this volume function is equal to the volume fraction of martensite, i.e., f(V M ) = V M . Therefore, the TRIP strain can therefore be expressed as
where K is a material constant in the range of 5.2 to 14.0 9 10 À5 MPa À1 for the athermal martensite transformation under applied stress, which was reported in References 28, 29, 33, [35] [36] [37] [38] ; and r 0 is the internal tensile stress applied to austenite due to the different CTEs of ferrite and austenite at the M s temperature. The internal stress can be experimentally measured by means of neutron and X-ray diffraction [39] , or it can be predicted by, e.g., finite element (FE) simulation. [40] The strain change associated with the martensite transformation was calculated by subtracting the thermal strain change, 
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A numerical analysis was used to calculate the increase of the volume fraction of martensite by comparing the measured strain change with the theoretical strain change related to the martensite formation taking the TRIP effect into account.
Model 1, shown in Figure 3 , took into account both the influence of the TRIP effect and the effect of alloying on the calculated volume fraction of martensite formed during cooling. The value of the parameter Kr 0 was found to be 0.0054. Using this value, the model 1 correctly predicts the martensite finish temperature, i.e., 362 K (89°C), and the final martensite volume fraction of 0.38. Taking into account an appropriate range for the value of K for the martensite transformation, i.e., from 5.2 to 14910 À5 MPa À1 , r 0 should be in the range of 39 MPa-104 MPa. The estimated value for r 0 is smaller than the yield stress of AISI 430, which is approximately 465 MPa. [41] Additional experiments and simulations are needed to determine the values of K and r 0 separately. However, in this study, the importance of the TRIP effect during the decomposition of austenite in a non-transforming ferrite matrix was addressed by considering a value for the parameter Kr 0 compatible with a reasonable range for each parameter.
In model 2, the TRIP strain effect was neglected. The fitting resulted in an apparent acceleration of the martensite transformation kinetics. It also resulted in a higher martensite finish temperature, i.e., 434 K (161°C) instead of 362 K (89°C).
Model 3 considered the TRIP effect and the effects of C and N on the lattice parameters into account. The model 3 did not take into account the influence of the Cr addition, which is known to decrease the transformation strain. [20] The fitting predicted a more sluggish martensite transformation and an untransformed austenite fraction of 0.16 at room temperature. Figure 4 compares the dilation curves based on the three models using the martensite volume fraction obtained with the model 1 shown in Figure 3 . It is clear that the dilation curve obtained by using the conversion model 1 is in excellent agreement with the isotropic dilation curve. The larger dilation predicted by the model 3 is caused by an overestimation of the martensitic transformation strain as a consequence of neglecting the effect of specific substitutional alloying elements, particularly Cr, on the lattice parameters. In summary, a model for the conversion of dilatometry data to the martensite volume fraction is proposed for hotrolled AISI 430 stainless steel in which the austenite phase has a banded microstructure. It considers the additional strain generated by the TRIP effect during the transformation of austenite. The numerical analysis indicates not only the significant effect of the alloying elements but also the importance of the TRIP effect caused by the CTE incompatibility stresses developed in the austenite at temperatures higher than the M s temperature. The proposed conversion model can in principle also be applied to the analysis of the dilation curves of DP steel and TRIP steel which are similarly cooled from the intercritical annealing region where austenite and ferrite coexist.
